, it has only recently been established that there are at least four Rh proteins in mammals, Rh30 and RhAG in red cells and RhBG and RhCG in other tissues (2-7). Rh homologues have also been found in simpler organisms, but relatively few have been identified and hence the origin and evolutionary history of Rh proteins remains elusive.
A lthough the first Rhesus (Rh) protein was detected in human erythroid cells in 1939 (1) , it has only recently been established that there are at least four Rh proteins in mammals, Rh30 and RhAG in red cells and RhBG and RhCG in other tissues (2) (3) (4) (5) (6) (7) . Rh homologues have also been found in simpler organisms, but relatively few have been identified and hence the origin and evolutionary history of Rh proteins remains elusive.
Rh proteins have 12 transmembrane (TM)-passing segments indicative of a transport function (2-7) with limited homology to microbial ammonium transporter (Amt) proteins first noticed by Marini et al. (8) . Many research groups think that Amt proteins concentrate the NH 4 ϩ ion against a gradient, i.e., that they are NH 4 ϩ active transporters (9) . Likewise, several groups think that human and mouse Rh proteins also transport ammonium and are Amt functional equivalents in mammals (10) (11) (12) (13) (14) (15) (16) . Both findings have been challenged. think that Amt proteins are gas channels for NH 3 , a view that has been substantiated by the high-resolution protein structures of Escherichia coli AmtB (EcAmtB) (21, 22) . Moreover, Soupene et al. find that the substrate for the Rh1 protein of the green alga Chlamydomonas reinhardtii, is apparently CO 2 (23) (24) (25) . They focused on this organism because it was one of the few microbes previously known to have an Rh protein (7, 23) .
To probe the evolutionary history of Rh and Amt genes in depth we assembled the sequences of 111 Rh and 260 Amt and analyzed them phylogenetically and bioinformatically. Using this large data set, we explored particularly (i) the organismal distribution of Rh genes as to how often and widespread they coexisted with Amt in the same species (paralogous occurrence); (ii) whether there were distinct differences between Rh and Amt proteins, supporting physiological and genetic evidence that they have different substrate specificities (24, 25) ; and (iii) proliferation of Rh genes over evolutionary time and the degree of their conservation. Our data are consistent with functional conservation within the Rh family and functional diversification of Rh proteins from the distantly related Amt proteins.
Materials and Methods
Data Sets. Accession numbers and identifiers of Rh and Amt can be found in the supporting information, which is published on the PNAS web site. The Rh data set contains 111 nonredundant genes mostly of full-length cDNAs (see Table 1 , which is published as supporting information on the PNAS web site). Mammalian Rh30 and RhAG were from GenBank via BLAST search (26) ; other Rh genes were mainly cloned in our laboratory. The Amt data set contains 260 nonredundant genes mostly retrieved from annotated GenBank entries (see the Amt data set, which is published as supporting information on the PNAS web site).
Sequence Alignment. Rh and͞or Amt protein sequence alignments were obtained by using MUSCLE (Version 3.52; ref. 27 ) and were used to derive codon-based nucleotide sequence alignments. Homogeneities of amino acid or codon composition were measured by disparity index (28) as described in MEGA 3.0 (29) . A biased codon usage in the first and third positions was noticed.
Phylogenetic Analysis. The Rh͞Amt joint tree was reconstructed by using the maximum likelihood (ML) method as implemented in PHYML (Version 2004; ref. 30) under the Jones-Taylor-Thornton (JTT) ϩ 4G (four categories of Gamma substitution rates) ϩ I (invariable sites) model (31) . The gene tree for coexisting Rh and Amt was reconstructed by using PHYML (29) and the Bayesian inference (BI) method MRBAYES (Version 3.0; ref. 32) , and was rooted with EcAmt as an arbitrary outgroup. The BI gene tree for the Rh family was built as above and rooted with NeRh from Nitrosomonas europaea, which is the lowest in species order. To curtail codon bias in reconstructing this tree, first and third codon positions were converted to purines or pyrimidines (R͞Y-coded), whereas nucleotides at second positions were retained. The model of two-state substitution ϩ 4G ϩ I was applied to the first and third codon positions, and the general time reversible (GTR) ϩ 4G ϩ I model was applied to the second positions. The ML tree of the Rh gene family was reconstructed by using PHYML. The GTR ϩ 4G ϩ I model was applied to the original (non-R͞Y-coded) first and second codon positions, and a nonparametric bootstrap test was conducted at 500 replicates. (34) . Given that tests are biased by alignment error, care was taken to have the alignment as reliable as possible. Significant evolutionary rate shift sites between Rh clusters were identified by using the more rigorous likelihood-ratio tests (35) . These sites were visualized by bar chart and sequence logo. Ratios of nonsynonymous versus synonymous substitution rates (d N ͞d S ) were calculated to assess substitution patterns, using a model-based ML approach as implemented in PAML 3.12 (36) .
Results
Rh Distribution and Coexistence with Amt. Although Rh is extremely rare in bacteria and does not appear to be found in archaea or vascular plants, the data set shows a wide distribution of Rh genes in 41 species from the chemolithoautotroph N. europaea to humans. Rh and Amt genes are found together in organisms as diverse as unicellular eukaryotic microbes (e.g., green alga, slime mold, and water molds) and invertebrate animals (e.g., nematodes, arthropods, echinoderms, and ascidians) (see Table 2 , which is published as supporting information on the PNAS web site) and thus appear to have coexisted for a long period of evolutionary time. All of the vertebrate animals examined have multiple Rh genes but lack Amt genes.
Rh and Amt Are Distantly Related. The joint tree of Rh and Amt proteins from all domains of life revealed two far-separated clusters with no interim or mixed branches (Fig. 1A) . The tree built from 17 Rh and 25 Amt from organisms with both showed again that the two groups are distantly related (Fig. 1B) [mean identity ϭ 14%, a value similar to that of a small nonparalogous data set (8)]. The ancestral Rh gene, which could be inferred from Rhp1 group, apparently went through a rapid evolution and then long periods of purifying selection from unicellular eukaryotes to ascidians.
Analysis of Rh and Amt proteins from organisms with both revealed 96 significant sites of evolutionary rate shift, providing evidence for functional diversification ( Fig. 1C ; see the alignment of coexistent Rh and Amt, which is published as supporting information on the PNAS web site). A larger sampling from organisms lacking one or the other showed a nearly identical pattern with a few more sites (data not shown). Twenty-two of the 96 sites are conserved in each group with different amino acid residues. For mutually exclusive conserved vs. varied sites, Rh has 42 conserved and 32 varied sites, and vice versa for Amt. Some involve different charges in the two groups (Fig. 1C, logo) , but a total of 70 sites (70͞96 ϭ 73%) reside in TM spans (62 sites) and TM turns (8 sites) (e.g., Fig. 1D Right) . To test whether such changes in the primary sequence affect higher-order structure, a model of Rh was built on the EcAmtB template (21) with rate shift sites mapped (shown is CiRh from Ciona intestinalis). The CiRh model differs from EcAmtB by 17% rate shift sites (16͞96) in secondary structures ( Fig. 1D ; see the supplementary data for CiRh modeling, which are published as supporting information on the PNAS web site). Furthermore, Rh differs from Amt in three striking ways (Fig.   1D ). (i) Rh has rate shift sites clustered in TM segments equivalent to TM2, -4, -7, and -8 of Amt. (ii) Some of the 20 residues lining the channel lumen are missing or lie in close proximity to rate shift sites. (iii) All Rh proteins share a unique TM1 and absolutely conserved signature motifs absent from Amt (7). The coexistence, distant relationship, evolutionary rate shift, and structural differences suggest that Rh proteins could have evolved a new function from their ancestor(s) related to ancient Amt genes.
Rh Gene Clusters.
Having shown the divergence of Rh from Amt, we examined the evolutionary pathway of the Rh family in detail ( Fig.  2 ; see the alignment of the 111 Rh protein sequences, which is published as supporting information on the PNAS web site). Four well separated clusters, Rh30, RhAG, RhBG, and RhCG were found as the main paralogous groups in vertebrates from fish to mammals. In addition, two primitive clusters, Rhp1 and Rhp2 containing members from microbes to invertebrates and nonmammalian vertebrates, respectively, extend the lower part of the tree. With few exceptions, the tree topology for the Rh family is congruent with known species orders.
The red cell-specific clusters RhAG and Rh30 share a common ancestor, but in all organisms from zebrafish to humans the Rh30 cluster has longer branches (Fig. 2) . Hence, the Rh30 cluster underwent fast evolution after the separation of its ancestor from an ancestral RhAG early in fish speciation. Likewise, the nonerythroid clusters RhBG and RhCG emerged from another common ancestor, and they were subject to slow evolution, with RhBG in chicken (the only bird examined) as an apparent exception (Fig. 2) . The erythroid and nonerythroid sister groups appear to have evolved in parallel and probably diverged from an ancestral gene similar to one in the Rhp group.
Phylogenetic analysis and data mining yielded additional insight into the origin and duplications of Rh genes (Fig. 2) . (i) Some vertebrates have extra paralogues: like human or chimp, chicken has two Rh30 genes. Fish have two RhCG genes. (ii) A novel gene occurs in fish, frog, and chicken (not shown on the tree), and its members define Rhp2 as a special non-mammalian cluster. This cluster is probably ancient because it is expressed specifically in the gut, the oldest organ, and, apart from one intron in Danio rerio, it lacks introns. In addition, the Rhp2 cluster is more closely linked than other Rh genes to NeRh and the Rhp1 genes. (iii) As a most diverse cluster, Rhp1 consists of members from organisms that have both Rh and Amt genes. Species of the group have from one to three Rh genes, the latter having arisen from gene duplication events (Fig. 2) . In Ciona the three genes arose by two steps of duplication: one early interspecific event and one late intraspecific event. The above findings together pinpoint the complexity in the birth and death of Rh genes and establish that the four-gene framework did not develop until the initiation of vertebrate speciation.
Divergence and dN͞dS Ratios Between Rh Clusters. Estimation of , the coefficient of functional divergence, reveals the varying degrees of divergence at the cluster level ( Fig. 3A ; see the alignment of the 111 Rh protein sequences, which is published as supporting information on the PNAS web site). The lowest divergence is between RhBG and RhCG (0.36), and the highest is between Rh30 and RhBG (0.71)͞RhCG (0.69). RhAG shows much higher divergence with Rh30 (0.59) than with RhBG or RhCG (0.38). The divergence of RhAG with RhBG or RhCG is at the same level; likewise, the divergence of Rh30 with RhBG or RhCG is also comparable. These data indicated that RhBG and RhCG are evolutionally more conserved than red cell paralogues and that Rh30 may have diverged for a red cell-specific functional modification.
The d N ͞d S ratios were computed to detect positive selection over codon sites. Despite a few sites in Rh30, the averaged ratio for each of the four cluster is Ͻ1, thus signifying purifying selection (function constraint) on the Rh family as a whole. The plot of nonsynonymous (1) and CiRh (2) are aligned to show secondary structures and rate shift sites (Right). In EcAmtB TM segments are shaded in yellow, and lumen residues are shaded in bold red. In CiRh rate shift sites are in bold blue. c, coil; h, helix; t, turn; b, bend; r, bridge; u, undecided.
substitution rates d N as a function of species orders (37) (Fig. 3B ; see the inferred ancestor sequences of vertebrate Rh, which are published as supporting information on the PNAS web site) reveals that the Rh30 trend line is high above that of the other clusters, and the rate for Rh30 is lifted 26% from fish to human. By comparison, the mean rate of Rh30 is 2.08 times higher than RhAG in fish (0.52͞0.25), but that rises to 2.64 in chimp or human (0.66͞0.25). Overall, Rh30 exhibited a trend of increasing d N rates from fish to human, whereas RhAG showed a fluctuated pattern (Fig. 3B) . For RhBG and RhCG, the mean rates are also low (Ͻ0.3035), but their trends are opposite in direction. As an outlier, chicken RhBG is high in both d N and d S (Fig. 3 B and C) , maintaining a low d N ͞d S ratio (0.1192) and thus low functional divergence. Further studies are needed to determine whether this unique pattern is discernable in other birds.
Evolutionary Rate Shift in the Rh Family. To dissect the functional divergence of Rh clusters after gene duplication, we analyzed the distribution and number of evolutionary rate shift sites. We found 75 sites for Rh30 vs. RhAG and 72 sites for RhBG vs. RhCG ( Fig.  4 ; see the alignments of vertebrate Rh, which are published as supporting information on the PNAS web site); their distribution showed similar ratios in TM domains vs. loop regions for Rh30:RhAG pair (1.27) and RhBG:RhCG pairs (1.25). This is in sharp contrast with the 2:1 ratio observed for the 96 rate shift sites identified in comparisons between Rh and Amt proteins ( Fig. 1 C  and D) .
Of the 75 sites (75͞354 ϭ 21%) for Rh30͞RhAG, 14 are conserved in both but differ in amino acids. Twenty-five are conserved in Rh30 and varied in RhAG, but 36 are conserved in RhAG and varied in Rh30 (Fig. 4A) . In Rh30, 32 sites (32͞376 ϭ 8.5% with PP Ն 95%) fall into class 3 (d N ͞d S ϭ 1.1341), likely being subject to weak positive selection, whereas all of the others are under purifying selection (Fig. 4B) . In RhAG, only 17 sites (17͞ 380 ϭ 4.5% with PP Ն 95%) fall into class 3 (d N ͞d S ϭ 1.038) (data not shown); these may be under neutral evolution or very weak positive selection. Of the 72 sites (72͞404 ϭ 18%) for RhBG͞ RhCG, 16 are conserved with different residues, but the 28 mutually exclusive conserved vs. varied sites are identical in location and number (Fig. 4C, blue͞red or vice versa) . These data support a strong purifying selection on both RhBG and RhCG, conforming to their extremely similar codon composition and highest protein sequence identity.
Discussion
We here carried out two lines of investigation on genes and proteins of the Rh family, whose function is in dispute (10-16, 23, 24) . The first line, which focused on the occurrence of Rh and Amt in the same organism and their sequence similarity vs. divergence, revealed that the two families are distant relatives having independent evolutionary histories (Fig. 1) . The second line of study, which dealt with a thorough analysis of the Rh phylogeny with 111 branches in 41 species from a bacterium to humans, uncovered the highly conserved evolution among the Rh clusters themselves (Figs. 2-4) . The strong purifying selection on the Rh family, together with its discrete organismal distribution, evolutionary divergence, and structural features, suggests that Rh proteins could have acquired a new function different from that of Amt proteins. Because CO 2 , with trees and parameters being sampled every 10 generations. The consensus tree was derived from the 65,000 trees sampled after the initial burn-in period. The values Ͼ50% at nodes are PP from BI (Left) and bootstrap proportion from ML [Right; using the general time reversible (GTR) ϩ 4G ϩ I model, 500 replicates, and labeled only on ancestor nodes of the four common clusters]. (Scale bar: 0.5 substitutions per nucleotide.) The outgroup is NeRh, because it is at the base of the Rh family (Fig. 1 A) , and N. europaea is the lowest in species order. , is the physiologic substrate of Rh1 in green alga (23, 24) , our results support the view that Rh proteins in all organisms mainly function as CO 2 channels. Transport of NH 3 ͞ NH 4 ϩ by Rh proteins under high, nonphysiologic concentrations (10-16) may reflect retention of the residual ancestral function related to ancient Amt proteins.
Rh was absent, whereas Amt was prominent in the 25 archaeal and over 350 bacterial genomes examined, except for the few bacteria including N. europaea (38) that have an Rh gene. Rh and Amt coexisted in organisms ranging from unicellular eukaryotes to sea squirts (Fig. 1B) ; thus, the period of their cooccurrence extended over vast stretches of evolutionary time. Before or during this overlapping period, the ancestral Rh gene(s) could already have diverged away from its related ancestral Amt, given the inferred ancestor of Rhp1 group remaining close to NeRh but far from Amt (data not shown). This divergence could be driven in response to a new selective pressure. In vertebrates the Rh family expanded and Amt genes disappeared, whereas in vascular plants Amt genes remained prominent and Rh genes were lost. Expansion of the Rh family to four major paralogous groups in vertebrates may have had to do with the usefulness of CO 2 channels in control of pH homeostasis and in waste disposal by vital organs. The absence of Rh in plants may reflect the fact that it worked well only at high CO 2 concentrations, as demonstrated in the green alga (23, 24) . Loss of Amt genes in vertebrates may have occurred because the extremely toxic NH 3 ͞NH 4 ϩ derived from amino acid catabolism is salvaged and reused by reversing the glutamate dehydrogenase reaction, which is integrated with biosynthesis and excretion (39) . By contrast, retention of Amt genes in plants reflects the fact that ammonia remains an excellent source for nitrogen assimilation (40) .
Significantly, we observed that the evolutionary rate shift amino acid residues between Rh and Amt proteins differ from those between the Rh paralogous groups, in both their physical location and chemical nature. Such functionally divergent amino acid sites in Rh proteins are largely clustered in the TM domains and regions that correspond to the packing and formation of the lumen essentially conserved for Amt channel function (21, 22) . This finding further supports the view that the two families of proteins differ in their transport function or substrate specificity. Taken together, our data lead to the hypothesis that construction of Rh as a primitive CO 2 channel could have been attained by recruiting an ancient Amt, which would have a preformed gas conductance fold like EcAmtB (21, 22) .
Study of the Rh family as a whole gave insight into its origin and gene duplications. The birth of Rh and its split from Amt might have occurred in the bacteria (Fig. 1) . Nonetheless, although duplications and sometimes triplications of Rh genes occurred in a vast array of species from unicellular eukaryotes to sea squirts, clearly discernable clusters were not established in these taxa (Fig. 2) . We here show that the paralogous clusters have apparently arisen in vertebrates, including one uncommon cluster, Rhp2, and four common clusters, Rh30, RhAG, RhBG, and RhCG. Apart from erythroid-specific Rh30 and RhAG (2-4), RhBG and RhCG are found in epithelial tissues of a variety of important organs (5) (6) (7) (41) (42) (43) (44) , congruent with their having physiological roles in CO 2 waste disposal and͞or buffering of body fluids (24) . These proteins may also play roles in sensing CO 2 (45) and are essential for normal embryonic development in model organisms (C.-H.H., unpublished data). Intriguingly, there are more Rh genes in fish than in mammals, but this larger number does not directly reflect genome- wide duplication events (46) , because only RhCG occurs in extra copies. The fact that the evolutionary divergence of all Rh clusters is limited may reflect a theme on which to build cell-or tissuespecific modulations of the conserved CO 2 channel function.
Rh is one of the most ancient proteins of red cell membranes, to which human homologues carrying the classical Rh antigens belong (4, 7) . We show here that the Rh30 cluster as a whole is conserved throughout vertebrates but did exhibit relatively fast evolution, as has been observed in mammals (47) (48) (49) (50) . Significantly, a trend of increasing d N rates with a higher d N ͞d S ratio at a few specific sites in Rh30 as well as fluctuated d N rates in RhAG was observed. These distinct patterns suggest a functional modification specific for red cells during vertebrate evolution from nucleate elliptocyte in fish (51) to enucleate biconcave disk in mammals (52) . Such a role for the two Rh proteins, particularly Rh30, may be secondary and related to enhancing their heteromeric interactions (49) and increasing the surface area-to-volume ratio of red cells for gas movement (24) . This view is consistent with the shape change of Rh null red cells, which lack the two proteins and manifest spherostomatocytes (3, 4) . It will be interesting to explore whether the fast evolution of Rh30 and fluctuated changes in RhAG exerted a threshold effect or occurred in concert with positive selection of other membrane and cytoskeleton proteins to drive red cell morphogenetic evolution.
In the red cell membrane, Rh proteins and band 3, the anion exchanger for Cl Ϫ ͞HCO 3 Ϫ , appear to form a macromolecular complex dubbed ''gas exchange metabolon'' (53) , suggesting that Rh is part of the CO 2 transport machinery. Indeed, Forster et al. (54) first detected such a CO 2 transport activity in addition to band 3 across the membrane of intact human red cells. Notably, the Cl Ϫ ͞HCO 3 Ϫ exchange mechanism operates in teleost fish but not jawless fish, because zebrafish has a genuine band 3 (55) , whereas the red cell membrane of hagfish is impermeable to HCO 3 Ϫ (56). These data suggest that hagfish red cells lack a functional band 3 for Cl Ϫ ͞HCO 3 Ϫ exchange and may rely on a gas channel to facilitate CO 2 movement. In light of the intimate relationship of green algal Rh1 to CO 2 (23, 24) and the apparent early origin of Rh genes (as compared with band 3), it is tempting to speculate that the CO 2 gas channel mechanism evolved before the Cl Ϫ ͞HCO 3 Ϫ exchange mechanism. Given the existence of genuine Rh genes in hagfish (unpublished data), it will be of great interest to study the roles of these Rh proteins in CO 2 conductance across the red cell membrane of this organism.
